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IntroductIon
Precise information on the phenology and dynamics 
of an insect’s life cycle is of major importance in several 
areas of applied ecology and fundamental research. Nota-
bly, methods designed for controlling populations of pest 
insects are most effective when the dynamics of larval 
growth are known (Logan et al., 1998; Broughton, 1999; 
Goldson et al., 2001; Hammack et al., 2003; Cave et al., 
2006; Johnson & Williamson, 2006; Pantoja et al., 2006; 
Panzavolta, 2007; Diaz et al., 2008). For example, methods 
recently designed for controlling insect-borne pathogens 
that rely on endosymbiotic infection require knowledge of 
the stage-specific mortality rate of the insects (Yeap et al., 
2011); in forensic entomology, unambiguously identifying 
the larval stage of necrophilous insects is a critical step for 
determining time of death (Byrd & Castner, 2001; Wat-
son & Carlton, 2005). Moreover, monitoring changes in 
the phenology of natural population of insects in response 
to global warming is becoming increasingly important 
and requires the tracking of various bioindicator species 
(Peñuelas & Filella, 2001), which might be used for con-
serving species (Bonebrake et al., 2010). The knowledge 
of larval development is also important for research on on-
togeny (Chatterton et al., 1994), evolution (Cronier et al., 
1998), ecology (Cisne, 1973; Retallack & Feakes, 1987), 
ecophysiology (Jarošík et al., 2011) and paleontology (Re-
tallack & Feakes, 1987; Hunt & Chapman, 2001).
It is often difficult to identify the larval instar of a given 
species (Fink, 1984; Benton & Pritchard, 1988; Skuhrovec, 
2006), particularly in field studies, for species for which 
the data set is often limited, notably in terms of most of 
the immature instars , and/or for those populations that dis-
play overlapping distributions between successive instars. 
Thus, the available methods are mostly only suitable for 
use in the laboratory, which limits the number of species 
that can be investigated in this way. In this study we pro-
pose a method aimed at determining the most probable in-
star of a larva of a species of curculionid that requires four 
instars to complete larval development. We argue that this 
method is more suitable for use in field studies because it 
only requires an a priori knowledge of the last instar of the 
species under study. Last instar larvae are easily detected 
and identified in the field, either because of their large size, 
specific morphological characteristics, long duration and/
or because mature larvae leave their plant host, such as 
those that diapause in the soil (Menu & Debouzie, 1995; 
Paparatti & Speranza, 2005; Skuhrovec, 2006; Corn et al., 
2009; Pélisson et al., 2011). 
Two distinct methods were previously used to iden-
tify the larval instar of a holometabolous insect: the first 
is based on the morphological characteristics of the exo-
skeleton of each instar, such as the chaetotaxy (Skuhrovec, 
2006) and the second is based on body size distributions 
(Dyar, 1890; Logan et al., 1998). The first method, despite 
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the risk error associated with such assignment, which is 
expected to increase as the individual’s head capsule width 
comes closer to the overlapping zone between two succes-
sive instars (Hunt & Chapman, 2001). 
Here, we propose a method that does not depend on the 
prerequisites of previous models in that it predicts the most 
probable instar of a larva of a species of curculionid based 
on knowledge of the distribution of head capsule widths of 
the last instar. This is best achieved if the last instar can be 
unambiguously identified based on ecological and/or mor-
phological features (see above). Our model might therefore 
be used in various contexts and for wild-caught larvae. The 
first step in this study was to develop models for predict-
ing the distribution of head capsule width (HCW), mean 
and standard deviation (SD) of earlier instars from that of 
the last instar. To that end, we obtained from the literature 
datasets of species with the HCW for each larval instar. 
We selected species of curculionid that have four larval in-
stars since we found most datasets for such species, which 
in addition cover a wide phylogenetic range. Despite this, 
there are still few suitable datasets, therefore to strengthen 
the statistical relationships between the fourth and earlier 
larval instar, we also included datasets for those species 
of weevil that developed through five instars, thereby ig-
noring the fifth instar. For every instar, we used both the 
HCW mean and SD to determine the statistical relationship 
between the fourth and each of the three previous instars. 
Then, we selected the six models that best fitted the mean 
and SD values of each of the first three instars based on 
the information for the fourth instar. Using these predicted 
paired parameters in addition to the recorded HCW mean 
and SD of the fourth instar, we set up four Gaussian curves, 
one for each instar. Finally, we validated the method using 
data on HCW of the larvae of different instars of laborato-
ry-reared rice weevil, Sitophilus oryzae (Linnaeus, 1763) 
(Coleoptera: Curculionidae: Dryophtorinae). Using this 
species, we compared our predictions with those of Lo-
gan’s method (Logan et al., 1998) as a reference model and 
discuss the advantages and limits of our method. 
being most precise, relies on a key for determining each in-
star, which is often unavailable beyond the subfamily level 
(Bousquet & Goulet, 1984; Grebennikov, 2004; Skuhr-
ovec, 2006). The second is based on highly specific growth 
models that rely on the morphometry of sclerotized tissues 
and organs. Models based on this method mainly use head 
capsule width (Taylor, 1931; Bukzeeva, 1965; Logan et al., 
1998; Panzavolta, 2007) since it remains constant during 
intermoult intervals (Daly, 1985). The Brooks-Dyar rule is 
widely used to infer the number of larval instars in species 
of insects belonging to various orders based on the simple 
assumption of a regular geometric progression in the head 
capsule width in successive larval instars (Dyar, 1890; Tay-
lor, 1931). Even if Dyar’s rule ratio is often considered to 
be constant (averaged to 1.44 for insects), it might actually 
differ among arthropods and might even vary within spe-
cies, with the growth ratio decreasing as larvae grow (Cole, 
1980; Klingenberg & Zimmermann, 1992; Corbet, 2002), 
or depends upon extrinsic factors such as food availabil-
ity (Kleinteich & Schneider 2011). Because head capsule 
width is usually assumed to be normally distributed within 
each larval instar as this variable is influenced by a great 
number of environmental or endogenous factors (Logan 
et al., 1998; Hunt & Chapman, 2001), more sophisticated 
methods were developed, which included a multimodal 
distribution of head capsule sizes across the entire larval 
development with as many modes as the number of suc-
cessive instars (Moré, 1978; McClellan & Logan, 1994; 
Logan et al., 1998; Goldson et al., 2001). These methods 
provide partitioning of the head capsule distribution by 
defining non-overlapping range values for each instar and 
thus always assign any insect larva to a unique instar ac-
cording to its head capsule width. Among them is Logan 
et al.’s (1998) widely used and efficient program (HCap, 
Matlab software) that infers the instar of an insect larva 
from the recorded multimodal distribution of the head cap-
sule widths of all instars. However, methods based on the 
head capsule size distribution are of limited use since they 
require large samples of larvae from every instar that must 
be determined a priori. Moreover, these methods inevita-
bly assign larvae to a single instar without information on 
TAble 1. The datasets obtained from the literature that were used to develop the statistical models (see Table 2, Fig. 1). These eleven 
species of curculionid, with either four or five immature stages, were selected because they included data on the distributions of the 
head capsule widths of each of the first four stages. Data for a single population per species is included in the model.
Species Subfamily a Number of instars Sample size Reference
Eurhinus magnificus Baridinae 5 74 Ulmer et al., 2007
Cleonidius trivittatus Cleoninae 4 1601 Pomerinke et al., 1995
Listronotus bonariensis Cyclominae 4 4314 Goldson et al., 2001
Listronotus maculicollis Cyclominae 5 1825 Diaz et al., 2008
Cosmopolites sordidus Dryophtorinae 5 864 Pantoja et al., 2006
Metamasius mosieri Dryophtorinae 5 91 Cave et al., 2006
Sitophilus zeamais Dryophtorinae 4 162 this publication
Hypera postica Hyperinae 4 160 Skuhrovec, 2006
Pissodes strobi Molytinae 5 490 Harman, 1970
Dendroctonus ponderosae Scolytinae 4 7250 Logan et al., 1998
Tomicus destruens Scolytinae 4 1068 Peverieri & Faggi, 2005
a based on NCBI classification.
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MAterIAl And Methods
Inferring the size of earlier larval stages from that of the 
mature larval instar
Statistical models
We developed statistical models for predicting either the mean 
or the standard deviation of the head capsule width (HCW) of 
an early immature instar from the observed mean (or SD) HCW 
of larvae in the last, mature instar of a given species of curculio-
nid. For this, we obtained from the literature data sets for species 
of curculionid that included the mean and SD of the HCW for 
each immature instar. We found suitable datasets for six species 
of curculionid that go through four larval instars before reaching 
adulthood, which is the most represented group. As the sample 
size was unlikely to be sufficient for fitting the statistical models, 
we added five more datasets for species of curculionid that go 
through five instars, which resulted in a total of eleven species in 
our database (Table 1). Based on this data, we fitted six distinct 
linear regressions, each predicting the mean or SD values of one 
of the first three larval instars, using the information on the mean 
and SD values of the fourth instar. For instance, one model pre-
dicted the mean HCW of the third instar from that of the fourth in-
star, and was fitted to eleven paired mean values, i.e., one per spe-
cies. The fourth larval instar may correspond to either the final or 
penultimate instar, depending on whether the species needs four 
or five instars to develop (see below; Table 2, Fig. 1). As the last 
instar of a species that has five instars cannot be included in our 
analyses as there very few such datasets, the method presented 
is suitable for species of curculionid that have only four instars. 
Data selection
Data sets for ten species of curculionid that require either 4 (5 
species) or 5 instars (5 species) to complete their larval develop-
ment, belonging to 7 distinct subfamilies, were obtained from the 
literature (Table 1). For each species/population, the estimated 
population mean and SD HCW were determined for the first four 
larval instars. Whenever data for more than one population were 
available for a species, we selected the dataset based on the larg-
est sample size. We included an eleventh species in our database, 
the maize weevil (Sitophilus zeamais), for which we measured 
the HCW of larvae reared on wheat grain in the laboratory under 
constant relative humidity and temperature conditions (70% rh, 
27.5°C). Based on the timing of the larval growth under such con-
ditions (Laviolette & Nardon, 1963), we dissected grains at fixed 
numbers of days following egg-laying to obtain 25, 18, 8 and 111 
larvae in the first to fourth instar, respectively. Each larva was 
frozen, decapitated and then its head capsule was photographed 
using a binocular microscope (Zeiss stemi-C, magnification 32) 
coupled with a camera (mc-camera1.1), which enabled its maxi-
mum width to be measured to the nearest µm (software Motic 
Image plus 2.0; Motic, Hong Kong, China).
Identifying the instar of a larva: the method
Individual assignment to a larval instar
First we computed the absolute probability Pi(x) of a larva with 
a HCW value x of belonging to each of four possible instars i. 
For that we used four pairs of parameters – one pair comprising 
the HCW mean µ̂i and standard deviation σ̂i for instar i, which 
were either predicted from the statistical models computed in the 
initial step of this study (for the first three instars), or recorded 
(the fourth instar). These pairs of parameters were then used to 
compute four Gaussian distributions, each of which enabled us to 
compute the probability Pi(x):
Pi ( x) = 1− ∫
µ̂i−d
µ̂i +d
1
σ̂ i √2π
e
− 12( y−µ̂iσ̂ i )
2
dy , with d =∣x−µ̂i∣  (1)
TAble 2. Linear relationships used to predict either the mean 
or the standard deviation of the head capsule widths of each of 
the first three instars based on the data for the fourth instar. Each 
of the six models is based on the mean (or SD) HCW values for 
the eleven species of curculionid as shown in Fig. 1. The degree 
to which each model fits the data is indicated by its associated 
R² value.
Instar
Mean Standard Deviation (SD)
Model R² Model R²
1st µ̂1 = 0.348µ̂4 + 17.24 0.895 σ̂1 = 0.200σ̂4 + 13.63 0.391
2nd µ̂2 = 0.498µ̂4 + 11.65 0.970 σ̂1 = 0.421σ̂4 + 7.80 0.817
3rd µ̂3 = 0.693µ̂4 + 32.34 0.991 σ̂1 = 0.699σ̂4 + 3.90 0.863
Fig. 1. Linear relationships used to predict the mean (A) and standard deviation (B) of the head capsule widths (HCW, µm) of each 
of the first three larval instars based on the mean and the SD of those of the fourth instar, respectively. The results for the fourth instar 
is plotted against the predictions for the first (white), second (grey) and third (black) instars of the corresponding species of weevil, 
respectively, which have either four (circles) or five (squares) larval instars. The arrow (panel B) indicates an extreme value for the first 
instar of Cosmopolites sordidus. See the main text and Table 2 for details.
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Whenever Pi(x) > 0.05, we could not reject the null hypothesis 
that the larva belonged to instar i. Because the probability of a 
larva belonging to any instar was determined independently for 
each of the four instars, a larva might be assigned to more than 
one instar, especially when some of the four Gaussian curves 
overlapped. In the second step, we assessed which of the four 
instars is the most probable for a given larva x. For that purpose, 
four relative densities were computed for a larva with a recorded 
HCW value x. The relative density for instar i (rdi) is defined as 
the ratio of the density probability value of instar i under consid-
eration and the summed density probability values inferred for 
all four Gaussian distributions, which was calculated as follows 
(Eq. 2):
rdi ( x ) =
1
σ̂i √ 2π
e
−1
2( x−µ̂iσ̂ i )
2
∑
j=1
4
1
σ̂ j √2π
e
−1
2 ( x−µ̂ jσ̂ j )
2    (2)
This ratio implies that for any recorded HCW value x, the 
summed four rdi(x) values equals 1, so that any rdi(x) can be in-
terpreted as the relative probability of a larva x belonging to instar 
i. The four density probability values are equally weighted (de-
nominator of Eq. 2) meaning that the relative abundances in the 
population of the four larval instars are assumed to be equal: this 
might be modified whenever there is information on the relative 
proportions of the four instars. To avoid low-quality assignment, 
we further compared the maximum value of all four computed for 
an individual larva with a threshold criterion C (set to either 0.95 
or 0.999 in subsequent analysis), below which the instar of the 
larva was left undetermined.
Inferring the relative abundance of the four larval instars in a 
population
In addition to the individual assignment of larvae from a popula-
tion of a known species of curculionid, it might be worth estimat-
ing the relative abundance of each instar within that population. 
For that purpose, every recorded HCW value x was associated 
with a specific quadrinomial distribution defined by four prob-
abilities that corresponded to the four relative densities (rd1 to rd4) 
predicted by Eq. 2. Then, each larva in the sample studied was 
randomly assigned to one of the four instars according to its own 
quadrinomial distribution. Following that step, we computed the 
expected relative frequency of instar i in the population, fi , as the 
ratio of the number of larvae assigned to the ith instar to the total 
sample size; this was repeated for all four instars.
 Application and validation of the method
We determined whether our method accurately assigned in-
dividuals to the correct instar and whether it predicted the right 
frequencies of the four larval instars in a population by compar-
ing the prediction of our method with that of Logan (1998) by 
independently applying both of them to data for larvae of the rice 
weevil Sitophilus oryzae, a species not included in our database 
(Table 3, Fig. 2). S. oryzae larvae were reared under the same, 
standardized conditions as S. zeamais (see “Data selection”). We 
collected 97 individuals belonging to one of all four larval instars 
by dissecting wheat grains at various intervals following egg-lay-
ing by females. Forty of these 97 larvae could unambiguously be 
assigned to the fourth and ultimate instar on the basis of the time 
from egg-laying coupled with specific morphological characteris-
tics of mature larvae (Laviolette & Nardon, 1963) and were used 
to compute the HCW mean and SD of the last instar, these paired 
parameters served as a reference for our method. 
results And dIscussIon
The method proposed is designed to infer the instar of 
a larva belonging to a particular species of curculionid 
based on its head capsule width, provided that the number 
of instars is known for the population it comes from. Our 
method depends solely on knowledge of the distribution of 
head capsule widths of the fourth and last instar measured 
on mature larvae sampled under the same environmental 
conditions as the larvae to be assigned. Despite the fact 
that empirical data is available for only a limited number of 
species of curculionid, the eleven included in the analysis 
belong to several sub-families and exhibit a wide range of 
HCW mean values (averaging from 500 to 2000 µm for the 
fourth instar). We could not take into account phylogenetic 
inertia in our analysis as the number of species in the sam-
ple used to infer linear relationships was too small; yet, this 
TAble 3. Predicted assignment of 97 laboratory-reared larvae of S. oryzae to one of four possible larval instars using either our 
method or that of Logan (1998). Our method either assigned each larva to one of the instars or left it unassigned, which might depend 
on the threshold criterion C (set to 0.95 and 0.999, respectively). The HCW mean (µ̂i, µm) and SD (σ̂i, µm) were estimated for each of 
the first three instars and the number of larvae assigned to each instar is given (NC = 0.95 and NC = 0.999 according to the threshold criterion 
C). In addition, the relative frequency of each instar in the population, fi, is shown, either computed by our method (random sampling 
in a unique multinomial distribution with four parameters pi , independent of the individual assignment) or that of Logan (associated 
with individual classification).
Parameter First instar Second instar Third instar Fourth instar Number of larvae left unassigned 
This method
µ̂i 222.21 304.97 440.52 589
a
σ̂i 18.52 18.09 20.98 24.430
a
NC = 0.95 17 20 20 40 0
NC = 0.999 16 20 19 39 3
fi 0.1753 0.2062 0.2062 0.4124
Logan’s method
µ̂i 214.94 324.58 429.62 587.54
σ̂i 18.503 8.906 15.933 22.847
N 17 20 20 40 —
fi 0.1753 0.2062 0.2062 0.4124
Percentage of similar predictions (%) 100 100 95 100
a these are observed values.
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should be done in future analyses if data for a greater num-
ber of species of a particular taxon are available. The linear 
regressions obtained reliably predicted the mean HCW of 
each of the three first instars from the data recorded for the 
fourth instar (all three models with R² greater than 0.89, 
Table 2; Fig. 1A). Regarding the standard deviation (SD), 
we also found significant linear relationships between the 
fourth instar and each of the three previous instars (Fig. 
1B), with that for the SD of the first instar the weakest 
(R² = 0.391; Table 2). This weaker relationship might be 
explained by the high SD value for the first instar of Cos-
mopolites sordidus compared with that of those of the ten 
other species included in the linear model (see arrow in 
Fig. 1B). HCW values recorded for early immature stages 
might also lack precision due to the very small size of their 
head capsule. This could be compensated for by including 
in our model additional data for a greater number of spe-
cies of curculionid, which is achievable given that data are 
accumulating in the literature.
The head capsule widths of 40 laboratory-reared final in-
star larvae of S. oryzae averaged 589.00 µm (± 24.43 µm, 
mean ± SD). Based on these reliable estimates, we used 
the linear regressions computed above to predict the mean 
and SD of the HCW for each of the first three larval in-
stars. The mean and standard deviation of the head capsule 
widths, estimated for all four instars using our’s and Lo-
gan’s method are quite similar (Table 3, Fig. 2). The mean 
HCW of second instar larvae obtained using our method 
was slightly underestimated (by ca. 6%) and the standard 
deviations for the second and third instar were greater than 
those obtained using Logan’s method. In order to account 
for these moderate discrepancies and determine whether 
they are consistent this experiment needs to be repeated 
using other laboratory-reared species of curculionid or on 
wild populations. In addition, the frequencies of the four 
instars in the population estimated by random sampling 
of a multinomial distribution are very similar to those ob-
tained using Logan’s method. Finally, our method for as-
signing instars to larvae of S. oryzae gave the same results 
as that of Logan, which forcibly assigned every larva to 
one of four instars, when the threshold criterion was set 
to 0.95 (Table 3, Fig. 2). When the threshold criterion was 
increased to 0.999, 3 of 97 larvae were undetermined using 
our method (Table 3, Fig. 2), meaning that their maximum 
rdi value ranged between 0.95 and 0.999. Why their rdi is 
below 0.999 mainly stems from the fact that their HCW 
values fall between two successive instars that overlap 
slightly (i.e., instars 1–2 and 3–4). Moreover, although our 
theoretical distribution of the second instar underestimates 
the recorded one (see Fig. 2), no individuals with a HCW 
between 340 and 350 µm were left unassigned, which is 
due to the lack of an overlap between the theoretical dis-
tributions of the second and third instar. Based upon this 
experiment, our method therefore seems to be appropriate 
since it produces a rather low proportion of unassigned S. 
oryzae larvae and all the assigned larvae are classified in 
the same instars as when using Logan’s method.
The method proposed in this study is parsimonious in 
that it does not require the a priori determining of the dis-
tribution of HCW for all immature stages and, therefore, 
should be more generally applicable than previous meth-
ods, especially in those cases when it is not easy to sam-
ple the early instars. Our method should be affordable for 
non-specialist users as we have developed a package that 
is compatible with R freeware [Package CINID, Curculio-
nidae INstar IDentification, R Core Team (2013)], which 
automatically computes the probability of a larva being as-
signed to each instar and can be updated and the method re-
fined as additional datasets are published. In addition, our 
method computes the risk error associated with incorrectly 
assigning a larva to a given instar. This property allows the 
choice of a confidence level of the inference below which 
larvae are left undetermined, and thus ensures that a larva 
is either safely assigned or left unassigned, whereas Lo-
gan’s method forcibly, and possibly erroneously, assigns 
it to an instar (this occurs notably when the head capsule 
width is in the overlapping zone between two successive 
instars). 
Our method can be used to infer the distribution frequen-
cies for all the larval instars of a species of curculionid that 
has four instars. This can be achieved after randomly as-
signing each larva in a sample, irrespective of whether they 
are individually successfully assigned, to one instar using a 
quadrinomial distribution specific for each recorded HCW 
x.
The method described in this study is applicable to oth-
er species of weevil with a different number of immature 
stages, provided that there are sufficient data in the litera-
ture to set up predictive models. Three criteria are needed 
for a robust implementation of our method: (i) a large num-
ber of complete datasets for species/populations with the 
same number of larval instars, (ii) the species should be 
representative of their taxonomic unit and (iii) the size of 
the final instar of each of the species should differ. In the 
Fig. 2. Recorded and theoretical HCW distributions of 97 
laboratory-reared larvae of S. oryzae. Theoretical assignments 
to one of four larval instars were made either using our meth-
od (computing four unimodal distributions, solid lines) or that 
of Logan (computing a single, multimodal distribution, dotted 
line). Hatched bars show the three larvae that were unassigned 
using our method and the most selective Threshold criterion 
(C = 0.999). See the main text for details.
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same way, even though the family Curculionidae is one of 
the most widely diversified of insect families and notably 
includes a great number of pests (Marvaldi et al., 2002; 
McKenna et al., 2009), our method can easily be adapted to 
other insect families. Notably, it might easily be applied to 
other Coleopteran families such as Chrysomelidae, which 
include numerous agricultural pests for which there is a 
need to develop biocontrol policies based on a knowledge 
of the dynamics of the development of their larvae in the 
field (Broughton, 1999; Hammack et al., 2003; Johnson & 
Williamson, 2006).
ACKNOWLEDGEMENTS. We wish to thank J.A. Logan who 
helped us to use his model with Matlab, as well as two anony-
mous reviewers for their fruitful comments on earlier drafts of 
this manuscript. This work was funded by the French National 
Research Agency (CoCoReCo project JC09-470585) and the 
Centre National de la Recherche Scientifique. 
references
benTon m.J. & PriTChArd G. 1988: New methods for mayfly in-
star number determination and growth curve estimation. — J. 
Freshwat. Ecol. 4: 361–367.
bonebrAke T.C., Ponisio l.C., boggs C.l. & ehrliCh P.r. 2010: 
More than just indicators: A review of tropical butterfly ecol-
ogy and conservation. — Biol. Conserv. 143: 1831–1841.
bousqueT Y. & gouleT h. 1984: Notation of primary setae and 
pores on larvae of Carabidae (Coleoptera: Adephaga). — Can. 
J. Zool. 62: 573–588.
broughTon S. 1999: Field determination of larval instar for the 
lantana leaf-mining beetles Octotoma scabripennis Guérin-
Méneville and Uroplata girardi Pic (Coleoptera: Chrysomeli-
dae: Hispinae). — Aust. J. Entomol. 38: 229–233.
bukzeevA O.N. 1965: Duration of generations of the pine weevil, 
Pissodes notatus F., (Coleoptera: Curculionidae) in the Voro-
nezh region. — Entomol. Rev. 44: 22–24.
bYrd J.H. & CAsTner J.L. 2001: Insects of forensic importance, 
In Byrd J.H. & Castner J.L. (eds): Forensic Entomology the 
Utility of Arthropods in Legal Investigations. Vol 2. CRC Press, 
Boca Raton, FL, pp. 43–79.
CAve R.D., dueTTing P.S., Creel O.R., CeliA L. & brAnCh C.L. 
2006: Biology of Metamasius mosieri (Coleoptera: Dryoph-
thoridae), with a description of larval and pupal stages. — Ann. 
Entomol. Soc. Am. 99: 1146–1153.
ChATTerTon B.D.E., edgeCombe G.D., sPeYer S.E., hunT A.S. & 
ForTeY R.A. 1994: Ontogeny and relationships of Trinucleoi-
dea (Trilobita). — J. Paleontol. 68: 523–540.
Cisne J.L. 1973: Life history of an Ordovican trilobite Triarthrus 
Eatoni. — Ecology 54: 135–142.
Cole B.J. 1980: Growth ratios in holometabolous and hemime-
tabolous insects. — Ann. Entomol. Soc. Am. 73: 489–491.
CorbeT P. 2002: Stadia and growth ratios of Odonata: a review. 
Int. J. Odonatol. 5: 45–73.
Corn J.G., sTorY J.M. & WhiTe L.J. 2009: Comparison of larval 
development and overwintering stages of the spotted knapweed 
biological control agents Agapeta zoegana (Lepidoptera: Tor-
tricidae) and Cyphocleonus achates (Coleoptera: Curculioni-
dae) in Montana Versus Eastern Europe. — Environ. Entomol. 
38: 971–976.
Crônier C., renAud S., FeisT R. & AuFFrAY J.C. 1998: Ontogeny 
of Trimerocephalus lelievrei (Trilobita, Phacopida), a repre-
sentative of the Late Devonian phacopine paedomorphocline: a 
morphometric approach. — Paleobiology 24: 359–370.
dAlY H.V. 1985: Insect morphometrics. — Annu. Rev. Entomol. 
30: 415–438.
diAz M.D.C., seTo M. & PeCk D.C. 2008: Patterns of variation in 
the seasonal dynamics of Listronotus maculicollis (Coleoptera: 
Curculionidae) populations on golf course turf. — Environ. 
Entomol. 37: 1438–1450. 
dYAr H.G. 1890: The number of molts of lepidopterous larvae. 
— Psyche 5: 420–422. 
Fink T.J. 1984: Errors in instar determination of mayflies (Ephe-
me roptera) and stoneflies (Plecoptera) using the simple fre-
quency, Janetschek, Cassie, and Dyar’s law methods. — Fresh-
wat. Biol. 14: 347–365.
goldson S.L., mCneill M.R., ProFFiTT J.R. & bAird D.B. 2001: 
Seasonal variation in larval-instar head-capsule sizes of Argen-
tine stem weevil, Listronotus bonariensis (Kuschel) (Coleo-
ptera: Curculionidae). — Aust. J. Entomol. 40: 371–375.
grebennikov V.V. 2004: Review of larval morphology of beetles 
of the suborder Archostemata (Insecta: Coleoptera), including 
first-instar chaetotaxy. — Eur. J. Entomol. 101: 273–292.
hAmmACk L., ellsburY M.M., roehrdAnz R.L. & Pikul J.L. 
2003: Larval sampling and instar determination in field popu-
lations of Northern and Western corn rootworm (Coleoptera: 
Chrysomelidae). — J. Econ. Entomol. 96: 1153–1159. 
hArmAn D.M. 1970: Determination of larval instars of the white-
pine weevil by head-capsule measurements. — Ann. Entomol. 
Soc. Am. 63: 1573–1575.
hunT G. & ChAPmAn R.E. 2001: Evaluating hypotheses of instar-
grouping in arthropods: a maximum likelihood approach. — 
Paleobiology 27: 466–484.
JArošík V., Honěk A., mAgAreY R.D. & skuhroveC J. 2011: De-
velopmental database for phenology models: related insect and 
mite species have similar thermal requirements. — J. Econ. 
Entomol. 104: 1870–1876.
Johnson T.A. & WilliAmson R.C. 2006: Multiple morphological 
measurements as larval indicators for Saperda vestita (Coleo-
ptera: Cerambycidae). — Ann. Entomol. Soc. Am. 99: 938–944. 
kleinTeiCh A. & sChneider J.m. 2011: Developmental strategies 
in an invasive spider: constrains and plasticity. Ecol. Entomol. 
36: 82–93.
klingenberg C.P. & zimmermAnn M. 1992: Dyar’s rule and mul-
tivariate allometric growth in nine species of waterstriders 
(Heteroptera: Gerridae). — J. Zool. 227: 453–464.
lAvioleTTe P. & nArdon P. 1963: Action des rayons gamma du 
Co 60 sur la mortalité et la fertilité des adultes d’un charançon 
du riz. — Bull. Biol. Fr. Bel. 97: 305–333. 
logAn J.A., benTz B.J., vAndYgriFF J.C. & Turner D.L. 1998: 
General program for determining instar distributions from 
headcapsule widths: example analysis of mountain pine beetle 
(Coleoptera: Scolytide) data. — Environ. Entomol. 27: 555–
563.
mArvAldi A.E., sequeirA A.S., o’brien C.W. & FArrell B.D. 
2002: Molecular and morphological phylogenetics of weevils 
(Coleoptera: Curculionoidea): do niche shifts accompany di-
versification? — Syst. Biol. 51: 761–785. 
mCClellAn Q.C. & logAn J.A. 1994: Instar determination for 
the gypsy moth (Lepidoptera: Lymantriidae) based on the fre-
quency distribution of head capsule widths. — Environ. Ento-
mol. 23: 248–253.
mCkennA D.D., sequeirA A.S., mArvAldi A.E. & FArrell B.D. 
2009: Temporal lags and overlap in the diversification of wee-
vils and flowering plants. — Proc. Natl. Acad. Sci. USA 106: 
7083–7088.
menu F. & debouzie D. 1995: Larval development variation and 
adult emergence in the chestnut weevil Curculio elephas Gyl-
573
lenhal (Coleoptera: Curculionidae). — J. Appl. Entomol. 119: 
279–284.
moré J.J. 1978: The Levenberg-Marquardt algorithm: implemen-
tation and theory. In Watson G.A. (eds): Numerical Analysis: 
Lecture Notes in Mathematics. Springer, Heidelberg, pp. 105–
116.
PAnToJA A., sAlAzAr A. & mACChiAvelli R. 2006: Recognition 
of instars and adult trap catches of Cosmopolites sordidus (Co-
leoptera: Curculionidae) from plantains in Puerto Rico. — Ann. 
Entomol. Soc. Am. 99: 875–878.
PAnzAvolTA T. 2007: Instar determination for Pissodes castaneus 
(Coleoptera: Curculionidae) using head capsule widths and 
lengths. — Environ. Entomol. 36: 1054–1058. 
PAPArATTi B. & sPerAnzA S. 2005: Management of chestnut wee-
vil (Curculio spp.), insect key-pest in central Italy. — Acta 
Hort. 693: 551–556.
Pélisson P.F., henri H., bel-venner M.C., AllemAnd R., mer-
ville A., menu F. & venner S. 2011: Identification at the larval 
stage of four Curculio species coexisting on oak trees using 
PCR-RFLP. — Entomol. Exp. Appl. 138: 77–82.
PeñuelAs J. & FilellA I. 2001: Responses to a warming world. — 
Science 294: 793–795.
Peverieri G.S. & FAggi M. 2005: Determination of age in larvae 
of Tomicus destruens (Wollaston, 1865) (Coleoptera: Scolyti-
dae) based on head capsule width. — Redia 88: 115–117.
Pomerinke M.A., ThomPson D.C. & ClAson D.L. 1995: Biono-
mics of Cleonidius trivittatus (Coleoptera: Curculionidae): na-
tive biological control of purple locoweed (Rosales: Fabaceae). 
— Environ. Entomol. 24: 1696–1702.
r Core TeAm 2013: R: A Language and Environment for Statisti-
cal Computing. R Foundation for Statistical Computing, Vi-
enna, URL http://www.R-project.org/.
reTAllACk G.J. & FeAkes C.R. 1987: Trace fossil evidence for 
Late Ordovician animals on land. — Science 235: 61–63.
skuhroveC J. 2006: Identification of instars of Hypera postica us-
ing chaetotaxy. — J. Econ. Entomol. 99: 2216–2218.
TAYlor R.L. 1931: On “Dyar’s rule” and its application to sawfly 
larvae. — Ann. Entomol. Soc. Am. 24: 451–466.
ulmer B.J., dunCAn R.E., PrenA J. & PeñA J.E 2007: Life his-
tory and larval morphology of Eurhinus magnificus Gyllenhal 
(Coleoptera: Curculionidae), a new weevil to the United States. 
— Neotrop. Entomol. 36: 383–390.
WATson E.J. & CArlTon C.E. 2005: Succession of forensically 
significant carrion beetle larvae on large carcasses (Coleoptera: 
Silphidae). — Southeast. Nat. 4: 335–346. 
YeAP H.L., mee P., WAlker T., Weeks A.R., o’neill S.L., John-
son P., riTChie S.A., riChArdson K.M., doig C., endersbY 
N.M. & hoFFmAnn A.A. 2011: Dynamics of the ‘‘popcorn’’ 
Wolbachia infection in outbred Aedes aegypti informs pros-
pects for mosquito vector control. — Genetics 187: 583–595.
Received March 8, 2013; revised and accepted May 19, 2014
Prepublished online August 13, 2014
